Hard X-ray and γ-ray spectroscopy at high temperatures using a COTS SiC photodiode by Bodie, C S et al.
Hard X­ray and  ­ray spectroscopy at high temperatures using γ
a COTS SiC photodiode
Article  (Accepted Version)
http://sro.sussex.ac.uk
Bodie, C S, Lioliou, G and Barnett, A M (2020) Hard X-ray and γ-ray spectroscopy at high 
temperatures using a COTS SiC photodiode. Nuclear Instruments and Methods in Physics 
Research Section A: Accelerators, Spectrometers, Detectors, and Associated Equipment. 
a164663. ISSN 0168-9002 
This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/93994/
This document is made available in accordance with publisher policies and may differ from the 
published  version or from the version of record. If you wish to cite this item you are advised to 
consult the publisher’s version. Please see the URL above for details on accessing the published 
version. 
Copyright and reuse: 
Sussex Research Online is a digital repository of the research output of the University.
Copyright and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable, the material 
made available in SRO has been checked for eligibility before being made available. 
Copies of full text items generally can be reproduced, displayed or performed and given to third 
parties in any format or medium for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge, provided that the authors, title and full bibliographic 
details are credited, a hyperlink and/or URL is given for the original metadata page and the 
content is not changed in any way. 
Page 1 of 18 
 
Hard X-ray and γ-ray spectroscopy at high temperatures using a COTS SiC photodiode 1 
C.S. Bodie*, G. Lioliou, A.M. Barnett 2 
Space Research Group, Sch. of Mathematical and Physical Sciences, University of Sussex, Falmer, 3 
Brighton, BN1 9QT, UK 4 
* Corresponding Author, Tel: +44 1273 873982, Email: c.bodie@sussex.ac.uk 5 
 6 
Abstract 7 
A commercial-off-the-shelf (COTS) silicon carbide (4H-SiC) UV photodiode was electrically characterized 8 
and investigated as a low-cost spectroscopic photon counting detector of X-rays and γ-rays. The detector 9 
was coupled to a custom-built low-noise charge-sensitive preamplifier, and illuminated by 55Fe and 109Cd 10 
radioisotope X-ray sources and an 241Am radioisotope γ-ray source, thus providing photon energies from 11 
5.9 keV to 59.5 keV.  The detector and preamplifier were operated uncooled at temperatures between 20 °C 12 
and 100 °C.  The energy resolution (full width at half maximum, FWHM) of the spectrometer was found to 13 
be 1.66 keV ± 0.15 keV at 5.9 keV and 22.16 keV, and 1.83 keV ± 0.15 keV at 59.5 keV when operated at 14 
20 °C.  At a temperature of 100 °C, the FWHM were 2.69 ± 0.25 keV, 2.65 keV± 0.25 keV, and 15 
3.30 keV ± 0.30 keV, at the same energies.  Shaping time noise analysis found dielectric noise to be the 16 
dominant noise source, except when long amplifier shaping times were used at high temperatures when 17 
white parallel noise dominated.  Noise associated with incomplete charge collection was found to be 18 
negligible at energies up to 22.16 keV and at temperatures ≤ 60 °C; but incomplete charge collection noise 19 
could not be discounted when the spectrometer was operated at higher temperature (80 °C) and at higher 20 
energy (59.5 keV).  Although the detector was thin (and thus inefficient at high photon energies) the low 21 
cost and commercial availability of the SiC device make it an attractive prospect for use in cost-sensitive 22 
applications such as university-led CubeSat missions. 23 
 24 
1.  Introduction 25 
Many semiconductor materials have been investigated for use as photodiodes for photon counting X-ray 26 
spectrometers.  However, Si with its bandgap, Eg, of 1.12 eV [1], remains the gold standard spectroscopic 27 
X-ray photodiode material for use at relatively cool temperatures (≤ 20 °C) [2].  Because of its relatively 28 
narrow bandgap, Si radiation detectors typically require cooling to limit the thermally generated leakage 29 
current that can degrade the energy resolution of an X-ray spectrometer [3].  Radiation shielding is another 30 
common prerequisite for spectroscopic Si detectors sited in environments of high energy radiation, e.g. 31 
space [4]; radiation damage to Si detectors can be sufficient to cause substantial degradation in 32 
performance, even in the relatively benign Earth-Moon environment [5].  As such, significant research 33 
attention has been paid to developing alternative semiconductor materials for photon counting radiation 34 
spectroscopy, particularly with future space science applications in mind.  GaAs [6] (Eg = 1.42 eV [7]), 35 
CdZnTe [8] (Eg = 1.54 eV [9]), Al0.8Ga0.2As [10](Eg = 2.09 eV [11]), 4H-SiC [12] (Eg = 3.27 eV [13]), and 36 
Diamond (Eg = 5.47 eV [14, 15]), are among many wide bandgap semiconductors that are considered to be 37 
intrinsically more radiation tolerant than Si in most circumstances, and with the exception of diamond, 38 
these materials have been shown to be capable of spectroscopic X-ray response at elevated temperatures 39 
(≥ 20 °C).  It is the goal of developing solid state soft X-ray radiation detectors that do not require cooling 40 
and radiation shielding that has driven much recent research into wide bandgap materials for X-ray 41 
spectrometry [12].  It should also be noted that many (e.g. GaAs, AlGaAs, CdZnTe), but not all (e.g. SiC, 42 
Diamond), wide bandgap materials also have larger X-ray/γ-ray linear absorption coefficients than Si.  As 43 
such, their development has also been motivated by the need for better quantum detection efficiency at hard 44 
photon energies [16]. 45 
 46 
Bertuccio et al. first reported spectroscopic X-ray detection with epitaxial 4H-SiC [17].  An epitaxial 47 
4H-SiC Schottky diode detector was used with appropriate readout electronics to accumulate an 241Am 48 
X-ray and γ-ray spectrum, with the Np L X-ray photopeaks at 13.9 keV and 17.8 keV resolved clearly.  49 
Later work reported SiC devices operating at temperatures up to 100 °C [18] where an equivalent noise 50 
charge (ENC) of 44 e- rms on a pulser line at 100 °C was achieved.  The best photon counting X-ray 51 
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spectroscopic results obtained with 4H-SiC to date showed an ENC of 10.6 e- rms (196 eV (full width at 52 
half maximum, FWHM) at 30 °C increasing to 12.7 e- rms (233 eV FWHM) at 100 °C [19], on an 55Fe Kα 53 
emission line (5.9 keV).  Those results represent the cutting edge of SiC radiation detector development 54 
using the highest purity materials and with the detectors connected to state-of-the-art CMOS preamplifiers.  55 
Alongside demand for these state-of-the-art devices in major space missions, there is also demand for lower 56 
cost X-ray spectrometers for machine condition monitoring [20], marine exploration and engineering [21], 57 
and low-cost CubeSat space missions. 58 
 59 
The temperatures experienced by science instrumentation on-board small satellites can vary widely, 60 
depending on the thermal design of the spacecraft and its mission.  The designers of small satellites strive 61 
to keep thermal ranges within those at which commercial off the shelf (COTS) components are rated, and 62 
can typically achieve modest (10 °C – 30 °C) temperatures in the interior of the spacecraft using passive 63 
thermal management.  However, external surfaces where radiation detectors would be located can 64 
experience much greater temperature ranges (typically swings of up to 100 °C) [22].  As such, this detector, 65 
and the preamplifier to which it was coupled, were investigated at temperatures up to 100 °C. 66 
 67 
The work of Terry et al. [23], provided early indication that commercial off the shelf (COTS) SiC 68 
photodiodes could be used as detectors for X-ray spectrometers.  That work presented the X-ray 69 
responsivity of COTS UV diodes up to 6.5 keV.  Later work compared the responsivity of the thin COTS 70 
SiC UV detectors with thicker (50 µm) purpose grown (not COTS) 4H-SiC X-ray detectors [24]; the 71 
purpose grown X-ray detector was spectroscopic to X-rays and achieved an ENC of 73 e- rms (1.2 keV 72 
FWHM) at 28 °C at 59.5 keV the highest energy γ-ray emission line from 241Am [25]. 73 
 74 
Recent work has shown that a commercial-off-the-shelf (COTS) SiC ultraviolet (UV) photodiode could be 75 
repurposed as a spectroscopic soft X-ray detector, and even operated at elevated temperatures (≤ 100 °C) 76 
when connected to suitable preamplifier electronics [26 - 28].  Here, new results are presented for a 77 
photodiode of the same type (area of 0.06 mm2).  The results extend the energy range used to characterize 78 
this type of detector.  The detector was operated as a spectroscopic photon counting detector of X-ray and 79 
γ-ray photons of energies from 5.9 keV to 59.5 keV, across a temperature range of 20 °C to 100 °C. 80 
 81 
2.  Detector properties 82 
The 4H-SiC detector used in this investigation was a randomly selected COTS UV p-n photodiode of 83 
geometry similar to that described by Prasai et al. [29] and made by SG Lux GmbH, Berlin, Germany.  The 84 
photodiode had an active area of 0.06 mm2.  The thickness of its n-type and p-type layers were 5 μm and 85 
0.15 μm, respectively.  The stated net donor and net acceptor concentrations were ND-NA = 8 × 1015 cm-3 86 
and NA-ND = 6 × 1018 cm-3 [29].  The photodiode was purchased from a standard electronic components 87 
retailer.  It was supplied packaged in a TO-18 can with a UV window.  The UV window was removed prior 88 
to characterization so that the photodiode could be illuminated directly by X-rays and γ-rays. 89 
 90 
3.  Experiments and results 91 
 92 
3.1  Leakage current measurements 93 
The SiC photodiode was placed in a custom-built electromagnetically-screened, and light-tight test harness 94 
located within a TAS Micro MT Climatic cabinet, and connected to a Keithley 6487 picoammeter/voltage 95 
source.  The test harness was purged with dry N2 (< 5% relative humidity) before being sealed.  Once the 96 
test harness was sealed, the climatic cabinet was continually purged with dry N2 to ensure a dry environment 97 
and mitigate against any effects of humidity [10].  National Instruments LabVIEW software was used to 98 
automate the measurements.  Leakage current as a function of reverse bias was measured at temperatures 99 
from 100 °C to 20 °C, in 20 °C intervals.  To ensure that the SiC detector was at thermal equilibrium in the 100 
test harness during each measurement, 30 minutes waiting time was allowed at each test temperature before 101 
the bias was applied and the measurement made.  The detector was reverse biased in 1 V increments up to 102 
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a maximum of 175 V.  The results are presented in Fig. 1, where the diode’s leakage current (including 103 
leakage current of the detector’s packaging) is shown as a function of applied reverse bias.  The maximum 104 
leakage current recorded was 78.4 pA ± 0.6 pA at 175 V reverse bias and 100 °C.  The leakage current at 105 
175 V and 60 °C was 2.1 pA ± 0.4 pA.  At temperatures of 40 °C and below, the leakage current was within 106 
the noise floor of the picoammeter (± 0.4 pA) at all investigated reverse biases.  At 100 V reverse bias, the 107 
leakage current was 42.7 pA ± 0.5 pA at 100 °C, and 1.1 pA ± 0.4 pA at 60 °C.  As it is useful to compare 108 
these results with previous reports in the literature; leakage current densities were also considered.  At 109 
100 °C and at 60 °C respectively, the leakage current densities were 71.2 nA cm-2 ± 0.8 nA cm-2 and 110 
1.8 nA cm-2 ± 0.7 nA cm-2, respectively.  These leakage current densities were greater than those reported 111 
by Bertuccio et al. [12] where current densities of around 1 nA cm-2 were reported at 100 °C, at field 112 
strengths of 53 kV cm-1 and 103 kV cm-1.  At 104 kV cm-1 the COTS UV SiC photodiode had a leakage 113 
current density of 8.4 nA cm-2 ± 0.7 nA cm-2, similar to that reported by Zhao et al. [26] for a similar device 114 
from the same manufacturer (7.9 nA cm-2 ± 0.7 nA cm-2 at 101 kV cm-1). 115 
 116 
Fig. 1.  The SiC detector’s leakage current as a function of reverse bias voltage; 100 °C (open squares), 117 
80 °C (open diamonds), and 60 °C (open triangles).  The uncertainties (± 0.4 pA to ± 0.6 pA) associated 118 
with the leakage current measurements have been omitted for clarity. 119 
 120 
3.2  Capacitance measurements 121 
The capacitance of the detector was measured as a function of reverse bias and temperature.  The photodiode 122 
was placed in another test harness, purged with dry N2, and subjected to the same environmental regime in 123 
the same TAS Micro MT Climatic cabinet as had been used for the leakage current measurements.  124 
Capacitance measurements were recorded as a function of reverse bias from 0 V to 175 V, increasing in 125 
1 V steps.  Measurements were made from a temperature of 100 °C to 20 °C, in decrements of 20 °C.  An 126 
HP 4275A multi frequency LCR meter, with a test signal of 50 mV rms magnitude and 1 MHz frequency, 127 
was used to measure the photodiode’s capacitance as a function of applied reverse bias.  The LCR meter 128 
was subject to an “open and short” correction in accordance with the manufacturers recommended 129 
procedure before measurement was commenced.  LabVIEW software was used to automate the process. 130 
 131 
The detector’s package and the bare-die detector each introduced capacitance when the assembly was 132 
reverse biased.  The majority of package capacitance originated from the borosilicate glass insulation that 133 
insulated the TO package’s isolated pin from the rest of the package.  Other sources of stray capacitance 134 
included the silver loaded epoxy used to die attach the detector to the package.  As the detector was wire-135 
bonded to its package in parallel with the packaging capacitance, a capacitance measurement of the 136 
packaged detector was followed by a capacitance measurement of a similarly prepared package with the 137 
detector’s wire-bonds removed.  The capacitance of the packaged detector with bond-wires removed was 138 
subtracted from the capacitance of the detector with wire-bonds intact to estimate the capacitance of the 139 
detector’s depleted width.  The apparent depletion width was then calculated.  The apparent depletion width 140 
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as a function of applied reverse bias, W(VR), was calculated assuming the diode may be approximated as a 141 





         (1) 144 
 145 
where CDL(VR) is the measured capacitance of the depletion layer, ε0 is the permittivity of free space, ε is 146 
the relative permittivity/dielectric constant, and A is the effective area of the device.  The diode’s 147 
capacitance (with packaging capacitance subtracted) and its calculated apparent depletion width as a 148 
function of reverse bias at 100 °C and 20 °C are presented in Fig. 2.  The calculated depletion width of the 149 
detector at 100 V reverse bias was 2.47 µm ± 0.04 µm and 2.41 µm ± 0.03 µm at 100 °C and 20 °C, 150 
respectively.  Within the uncertainties of the measurements, the apparent depletion width did not vary over 151 
the temperatures investigated.  Despite an epitaxial layer width of 5.15 µm [29], at face value the 152 
capacitance measurements suggest that only a portion of the epitaxial layer was depleted, reaching a 153 
maximum of 2.41 µm ± 0.03 µm at 100 V reverse bias.  Given the manufacturer stated donor concentration 154 
(8 × 1015 cm-3) [29] and the abrupt junction approximation [30], a depletion width of 3.7 µm at 100 V would 155 
have been expected, although no uncertainty in the concentration was stated by the manufacturer.  However, 156 
despite the depletion region seemingly being only a portion of the epitaxial layer thickness, results 157 
previously reported for a detector of the same type (but in that case used as an electron spectrometer [31]) 158 
suggested that the entire epitaxial width of the detector was active for radiation detection.  It is possible that 159 
a significant portion of the epitaxial layer was not depleted and that despite this the whole of the epitaxial 160 
layer contributed to the detected signal since the electron and hole recombination lengths in 161 
ND-NA = 8 × 1015 cm-3 n-type and NA-ND = 6 × 1018 cm-3 p-type doped SiC are ≈ 1.1 µm [32] and ≈ 20 µm 162 
[33] respectively.  Nevertheless, care should be taken in interpreting the capacitance measurements since 163 
they were made using packaged devices rather than bare dice.  Furthermore, the computation of the 164 
depletion width from measurements relies on approximation of the detector to a parallel plate capacitor.  165 
The sensitivity of the measurements to additional capacitances is also noted; an unaccounted 1.87 pF 166 
capacitance in series with the detector would result in a detector of capacitance ≈ 1 pF (i.e. depletion width 167 
of ≈ 5 µm) appearing to have the capacitance characteristics measured above.  The reason for the 168 
discrepancy in depletion width between the measurement of capacitance as a function of reverse bias, the 169 
doping density calculation, and the epitaxial layer thickness are unknown.  However, given that the electron 170 
spectroscopy measurements of Zhao et al. [31] indicated that the whole of the epitaxial thickness was active, 171 
the full thickness of the epitaxial layer (5.15 µm) was assumed to be active and depleted for the quantum 172 
detection efficiency calculation below.  Nevertheless, the simplicity of this assumption is recognized.  Other 173 
effects may also reduce the active layer thickness of the detector; for example, if the detector had a 174 
recombination region close to the contact (as has been measured in other X-ray photodiodes [34]) this would 175 
reduce the thickness of the active layer, and the quantum detection efficiency of the device would be 176 
reduced both as a consequence of the reduction in active layer thickness and because of the introduction of 177 
a dead layer ahead of the active layer. 178 
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 179 
Fig. 2.  a) The SiC diode’s capacitance at 100 °C (open squares) and 20 °C (open circles) as a function of 180 
applied detector reverse bias; b) the apparent depletion width implied by the measured capacitances at 181 
100 °C (open diamonds) and 20 °C (open triangles) as a function of reverse bias.  Error bars are omitted 182 
for clarity; at 100 V depletion width errors were 0.04 µm and 0.03 µm at 100 °C and 20 °C respectively. 183 
 184 
Assuming a 5.15 µm active region thickness, the quantum detection efficiency, QE, of the detector from 185 
1 keV to 60 keV was calculated using the Beer-Lambert-Bouguer Law for light attenuation and absorption, 186 
 187 
 𝑄𝐸 = ∏ exp⁡(𝜇𝑖𝜌𝑖𝑡𝑖)
𝑖=𝑛
𝑖=1 (1 − exp⁡(𝜇𝑒𝑛𝜌𝑡)),      (2) 188 
 189 
where μi is the mass attenuation coefficient of inactive layers before the detecting medium, ρi is layer 190 
density, ti is layer thickness, μen is the mass absorption coefficient of the detecting medium, ρ is its density, 191 
and t is thickness of the detector’s active layer [35].  Mass absorption and attenuation coefficients were 192 
obtained from the NIST XCOM database [36]. 193 
 194 
The calculated quantum detection efficiency of the SiC detector is presented in Fig. 3; the discontinuity 195 
shown at 1.8 keV is the Si K absorption edge.  The SiC material and the thickness of the diode’s active 196 
layer, limited the QE of the photodiode.  Si and C have relatively low linear attenuation coefficients when 197 
compared with other compound wide band-gap detectors.  The QE of the energies of specific interest for 198 
the results reported presently were 0.167 at 5.9 keV, 3.52 × 10-3 at 22.16 keV, and 1.56 × 10-4 at 59.5 keV.  199 
To compare, the QE of a GaAs detector of equal thickness would have been 0.349, 8.26 × 10-2, and 200 
5.02 × 10-3 at the same photon energies.  It should be noted that the quantum detection efficiency 201 
calculations did not account for any carrier recombination region close to the front contact of the detector, 202 
which would have reduced the quantum detection efficiency of the detector, from that calculated [37] 203 
 204 
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Fig. 3.  Quantum detection efficiency of the SiC diode, reverse biased at 100 V.  The discontinuity at 205 
1.8 keV is the Si K absorption edge. 206 
 207 
3.3  X/γ-ray Spectroscopy 208 
The SiC photodiode was connected to a custom-built low-noise feedback resistorless charge-sensitive 209 
preamplifier (similar in design to that reported by reference [38]).  The input transistor was a Vishay 210 
2N4416A Si Junction Field Effect Transistor (JFET) [39].  Output signals from the preamplifier were 211 
shaped and amplified by an Ortec 572A shaping amplifier before being output to an 8k Ortec EASY multi-212 
channel analyser (MCA).  The detector bias was applied using a Keithley 6487 voltage source.  Each 213 
radioisotope X-ray/γ-ray source (55Fe, 109Cd, 241Am) was placed ≈ 9 mm above the detector in turn. 214 
 215 
The test harness containing the SiC detector, preamplifier, and each radioisotope X-ray/γ-ray source, was 216 
located inside a TAS Micro MT climatic cabinet for temperature control.  The other equipment was located 217 
outside of the climatic cabinet and operated at ambient laboratory temperature.  The temperature inside the 218 
climatic cabinet was raised to 100 °C, and then decreased in 20 °C steps to 20 °C; spectra were accumulated 219 
at each set temperature.  The process was repeated using each radioisotope X-ray/γ-ray source.  All spectra 220 
were accumulated with the detector reverse biased at 100 V. 221 
 222 
3.3.1  55Fe and 109Cd X-ray spectroscopy 223 
First, spectra were accumulated with an 55Fe radioisotope X-ray source (activity 121 MBq).  The spectra 224 
were accumulated at all available amplifier shaping times (τ = 0.5 μs, 1 μs, 2 μs, 3 μs, 6 μs, and 10 μs).  The 225 
live time for each spectrum was 360 s.  The photopeak detected from the 55Fe radioisotope X-ray source 226 
was a combination of the characteristic Mn Kα (5.9 keV) and Mn Kβ (6.49 keV) 55Fe X-ray emission lines 227 
[40].  Gaussians that took account of the relative emission ratios, and the relative detection efficiency of 228 
the SiC X-ray detector, were fitted to detected photopeaks to deconvolve the contributions of closely spaced 229 
X-ray emissions (e.g. Mn Kα and Kβ lines).  The spectrometer was then calibrated using the position of the 230 
spectrometer’s zero energy noise peak and a fitted X-ray peak (in this case the Mn Kα line), assuming a 231 
linear variation of charge with energy on the MCA’s charge scale.  A representative 55Fe X-ray spectrum is 232 
presented in Fig. 4a.  The counts of the zero energy noise peak in this spectrum were eliminated by setting 233 
the MCA low energy cut-off at ≈ 2.5 keV after determination of the zero energy noise peak’s position.  234 
However, a small portion of the right hand side of the zero energy noise peak can still be seen.  The total 235 
photocurrent collected by the SiC photodiode, calculated from the total counts in a spectrum was ~0.03 pA 236 
at all temperatures and shaping times.  The energy resolution of the spectrometer (as quantified by the 237 
FWHM of the fitted Mn Kα photopeak) at the best available shaping time, as a function of temperature is 238 
shown in Fig. 5a.  It should be noted here that the shaping time at 20 °C could be further optimized if the 239 
shaping amplifier had shaping times longer than 10 µs.  The FWHM of the Mn Kα photopeaks improved 240 
from 2.69 keV ± 0.25 keV at 100 °C (at 1 µs shaping time) to 1.66 keV ± 0.15 keV at 20 °C (at 10 µs 241 
shaping time). 242 
 243 
A second group of spectra were collected with the 55Fe radioisotope X-ray source replaced with a 109Cd 244 
radioisotope X-ray source (activity 296 MBq).  Each 109Cd spectrum had a live time of 2100 s.  The same 245 
shaping times were used as for the 55Fe X-ray measurements.  The 88 keV γ-rays from the 109Cd radioisotope 246 
source were not detected by the spectrometer because of the photodiode’s low QE at 88 keV, the relatively 247 
low emission probability of that γ-ray, and the relatively short live time.  A 0.23 mm PTFE attenuator, was 248 
placed between the 109Cd radioisotope X-ray source and the detector to limit the photon count rate at lower 249 
energies where an Fe (Kα = 6.4 keV) fluorescence peak from the 109Cd radioisotope source’s capsule would 250 
have otherwise overshadowed the accumulated spectrum.  The PTFE attenuated 0.730 and 0.038 of the 251 
fluorescent Fe Kα (6.4 keV) and 109Cd Ag Kα1 (22.16 keV) X-ray photons respectively.  The characteristic 252 
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photopeaks detected from the 109Cd radioisotope X-ray source were a combination of the five characteristic 253 
Ag Kα (21.99 keV and 22.16 keV) and Kβ (24.91 keV, 24.94 keV, and 25.45 keV) emission lines [41].  To 254 
measure the FWHM of the detected Ag Kα1 (22.16 keV) peak, five Gaussians, were fitted to each 255 
accumulated spectrum.  The spectrometer was calibrated in an analogous manner as for the 55Fe X-ray 256 
spectra, using the fitted Ag Kα1 (22.16 keV) emission peak.  A representative 109Cd X-ray spectrum 257 
accumulated with the spectrometer is presented in Fig. 4b.  In this spectrum, the counts of the zero-energy 258 
noise peak were eliminated by setting the MCA low energy cut-off at ≈ 4 keV after determination of the 259 
position of the zero-energy noise peak as per the 55Fe X-ray spectra.  An Fe (Kα = 6.4 keV) X-ray 260 
fluorescence peak from the 109Cd radioisotope X-ray source’s capsule was still visible despite the inclusion 261 
of the attenuator to limit detection of such fluorescence photons.  The low QE of the SiC detector at higher 262 
energy limited the photon count rate of the detector at higher energies.  The average count rate in the Ag 263 
Kα1 (22.16 keV) photopeak was 10.1 s-1 ± 0.2 s-1 and 9.2 s-1 ± 0.2 s-1 at 100 °C and 20 °C, respectively.  The 264 
equivalent photocurrent created in the SiC photodiode, as calculated from the total counts in the detected 265 
109Cd spectrum was ≈ 0.009 pA, and was thus negligible as a steady state current noise source.  The 266 
measured FWHM of the Ag Kα1 photopeak, at the best available shaping time, as a function of temperature 267 
is shown in Fig. 5b.  The FWHM of the Ag Kα1 photopeak reduced from 2.65 keV ± 0.25 keV at 100 °C 268 
(at 1 µs shaping time) to 1.66 keV ± 0.15 keV at 20 °C (at 2 µs shaping time).  The low energy tailing seen 269 
in Fig. 4 (e.g. as the saddle between the Ag Kα peak and the Fe Kα peak in Fig. 4b) was attributed to partial 270 
collection of charge created outside of the active region of the detector [42]. 271 
 272 
Fig. 4.  Representative a) 55Fe and b) 109Cd X-ray spectra accumulated by the SiC spectrometer (solid line) 273 
at 20 °C, with the detector reverse biased at 100 V, and using 10 µs and 2 µs shaping times respectively.  274 
Dashed lines are the combined contributions fitted Gaussians; dotted lines are the respective Mn and Ag 275 
Kα and Kβ emission lines 276 
 277 
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Fig. 5.  FWHM of the fitted a) Mn Kα (5.9 keV) and b) Ag Kα1 (22.16 keV) photopeaks, at the best available 278 
shaping time, as a function of temperature. 279 
 280 
The shaping times that yielded the best (lowest) FWHM at 5.9 keV and 22.16 keV were similar within the 281 
uncertainties of measurements.  As an example, at 20 °C the FWHM of the 5.9 keV photopeak was 282 
1.66 keV ± 0.15 keV at 10 µs shaping time and 1.74 ± 0.15 keV at 2 µs shaping time.  At the same 283 
temperature, the FWHM of the 22.16 keV photopeak was 1.74 keV ± 0.15 keV at 10 µs shaping time and 284 
1.66 ± 0.15 keV at 2 µs shaping time.  It was therefore useful to select the shaping times that produced the 285 
best FWHM at both energies to compare the performance of the spectrometer at 5.9 keV and 22.16 keV.  286 
The FWHM of the 5.9 keV and the 22.16 keV photopeak at identical shaping times are presented in Fig. 6. 287 
 288 
Fig. 6.  FWHM of the Mn Kα (open circles) and the Ag Kα1 (open squares) X-ray photopeaks as a function 289 
of temperature at the same amplifier shaping times. 290 
 291 
The FWHM of the Mn Kα (5.9 keV) and the Ag Kα1 (22.16 keV) photopeaks were 2.69 keV ± 0.25 keV 292 
and 2.65 keV ± 0.25 keV respectively at 100 °C and 1 µs shaping time; at 20 °C and 2 µs shaping time the 293 
FWHM reduced to 1.74 keV ± 0.15 keV and 1.66 keV ± 0.15 keV, respectively.  The different noise 294 
components associated with the photopeaks’ broadening are discussed in section 4. 295 
 296 
3.3.2.  241Am X-ray/γ-ray spectroscopy 297 
The spectrometer was also investigated using an 241Am X-ray/γ-ray source (activity 298 MBq) to illuminate 298 
the detector.  The experimental set up and investigated temperature range for the 241Am measurements was 299 
the same as was described for the 55Fe and 109Cd radioisotope X-ray source measurements.  However, due 300 
to the lower quantum detection efficiency (1.56 × 10-4) of the detector for the 59.5 keV γ-ray photons 301 
emitted by the 241Am radioisotope γ-ray source, spectra were collected using only one shaping time at each 302 
investigated temperature.  At temperatures ≥ 80 °C, spectra were accumulated at a shaping time of 1 µs; at 303 
temperatures < 80 °C, spectra were accumulated at a shaping time of 2 µs.  Each spectrum had a live time 304 
of 6 days.  Prior measurements were made to establish that the detector and preamplifier electronics were 305 
stable over durations of this length.  To minimize disturbance to the detector and preamplifier front-end 306 
electronics, the PTFE attenuator mentioned in Section 3.3.1 was retained between the radioisotope radiation 307 
source and the detector; its attenuation of the 59.5 keV γ-rays was negligible (transmission = 0.991). 308 
 309 
The spectrometer detected the characteristic 241Am Np Lα (13.95 keV, 13.76 keV), Lβ (17.75 keV, 310 
16.82 keV, 17.06 keV. 17.99 keV, and 17.51 keV), and Lγ, (20.78 keV, 21.10 keV and 21.34 keV) X-ray 311 
emissions as well as the two 241Am γ-ray emission lines (26.34 keV and 59.54 keV) [41].  The sets of Np 312 
Lα, Lβ, and Lγ X-ray emissions formed three combined photopeaks since their individual components were 313 
not resolved by the spectrometer.  Gaussians were fitted to the detected Np Lα, Np Lβ, 241Am γ1, and 241Am 314 
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γ2 photopeaks.  The spectrum accumulated at 20 °C is presented in Fig. 7a.  An Fe (Kα = 6.4 keV) 315 
fluorescence peak from the capsule of the 241Am radioisotope X-ray/γ-ray source is also visible.  The 316 
measured FWHM of the fitted Np Lα1, Np Lβ1, 241Am γ1, and 241Am γ2 peaks are shown as a function of 317 
temperature in Fig. 7b.  The FWHM at 59.5 keV was 3.38 keV ± 0.30 keV at 100 °C (1 µs shaping time), 318 
this improved to 1.83 keV ± 0.15 keV at 20 °C (2 µs shaping time).  The MCA’s charge scale was calibrated 319 
using the position of the detected 241Am γ1 (59.5 keV) peak.  At 20 °C, the Gaussian peak fitted to the 241Am 320 
γ1 photopeak contained a total of 23006 counts. 321 
 322 
Fig. 7.  a) 241Am X-ray/γ-ray spectrum accumulated by the SiC spectrometer at 20 °C and using a 2 µs 323 
shaping time (solid line).  Dashed lines are the combined contributions fitted Gaussians; the dotted lines 324 
are the Np Lα and Lβ emission lines respectively.  b) Measured FWHM of the 241Am Np Lα1 (13.95 keV) 325 
(open triangles), Np Lβ1 (17.75 keV) (open diamonds), 241Am γ2 (26.34 keV) (open circles) and 241Am γ1 326 
(59.5 keV) (open squares) emission lines, at 1 µs (≥ 80 °C) and 2 µs (< 80 °C) shaping times, as a function 327 
of temperature. 328 
 329 
4.  Noise analysis and discussion 330 
The noise in a direct detection (i.e. without scintillator) non-avalanche photodiode photon counting X-ray 331 
or γ-ray spectrometer is commonly considered to be separated into three independent contributions: Fano 332 
noise, which is related to the stochastic nature of the charge creation processes in the detector [43]; 333 
incomplete charge collection noise, which arises from any charge carrier trapping and recombination in the 334 
detector [44]; and electronic noise, which can be further separated into four components, white parallel 335 
noise, white series noise including induced gate current noise, 1/f series noise, and dielectric noise.  For a 336 
review of these electronic noise components, the reader is directed to refs. [45, 46].  White parallel and 337 
white series noises vary with shaping time, whilst the other components are shaping time invariant.  White 338 
parallel noise (driven by the total current at the input of the JFET) increases as shaping time is increased; 339 
white series noise (driven by the total capacitance at the input of the JFET) decreases as shaping time is 340 
increased. 341 
 342 
The combined contribution of the shaping time invariant noise components and shaping time variant noise 343 
contributions were extracted from the FWHM measurements made at 5.9 keV (55Fe Mn Kα) and 22.16 keV 344 
(109Cd Ag Kα1), as functions of shaping time, by performing multidimensional least squares fitting.  Results 345 
of the multidimensional least squares fittings, at 20 °C and 80 °C, for the 5.9 keV data are presented in 346 
Fig. 8.  At 100 °C there were an insufficient number of data points (shaping times) to conduct the 347 
multidimensional least squares fitting; only four shaping times were collected because of increased noise.  348 
The multidimensional least squares fittings for the Ag Kα1 (22.16 keV) data at 20 °C, 80 °C, and 100 °C 349 
are presented in Fig. 9. 350 
 351 
The best (narrowest) FWHM was achieved when the quadratic sum of white series and white parallel noise 352 
were a minimum.  As an example, the best available shaping time to resolve the 5.9 keV (Mn Kα) photopeak 353 
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at 20 °C was 10 µs in the present system (Fig. 5a).  The quadratic sum of white series noise and white 354 
parallel noise were a minimum at 10 µs shaping time (Fig 8a).  For this X-ray energy (5.9 keV) and 355 
operating temperature (20 °C) the magnitude of the parallel white noise component was below the 356 
magnitude of the series white noise component at all the available shaping times. 357 
 358 
In Figs. 8 and 9, Fano noise and 1/f series noise were subtracted in quadrature from the combined shaping 359 
time invariant noise contributions, to show the quadratic sum of dielectric and incomplete charge collection 360 
noise. 361 
 362 
Fig. 8.  FWHM and noise contributions as a function of amplifier shaping time of the 55Fe 5.9 keV Mn Kα 363 
X-ray photopeak (open diamonds) at a) 20 °C and b) 80 °C.  Quadratic sum of dielectric and incomplete 364 
charge collection noise (+ symbols), white parallel noise (open squares), white series noise (× symbols), 365 
Fano noise (open circles), 1/f series noise (stars).  Lines are a guide for the eye only. 366 
367 
 368 
Fig. 9.  FWHM and noise contributions as a function of amplifier shaping time of the 109Cd 22.16 keV Ag 369 
Kα1 X-ray photopeaks (open diamonds) at a) 20 °C, b) 80 °C, and c) 100 °C.  Quadratic sum of combined 370 
dielectric and incomplete charge collection noise (+ symbols), white parallel noise (open squares), white 371 
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series noise (× symbols), Fano noise (open circles), 1/f series noise (stars).  Lines are a guide for the eye 372 
only. 373 
 374 
The Fano noise was calculated assuming a Fano factor of 0.128 and electron-hole pair creation energy of 375 
7.28 eV [47].  Fano noise was calculated to be 10 e- rms (175 eV FWHM), 20 e- rms (338 eV FWHM), and 376 
32 e- rms (555 eV FWHM) at 5.9 keV, 22.16 keV, and 59.5 keV, respectively.  1/f series noise was calculated 377 
using the total capacitance at the input of the preamplifier derived from the multidimensional least squares 378 
fitting, with the capacitance of the preamplifier JFET estimated to be 2 pF [39, 45].  Comparison between 379 
the quadratic sum of dielectric and incomplete charge collection noise at two energies, in this case 5.9 keV 380 
and 22.16 keV, can be used to infer the presence or absence of incomplete charge collection noise in the 381 
spectroscopic system.  The quadratic combination of dielectric and incomplete charge collection noise can 382 
be computed by subtraction in quadrature of the other (known) components outlined above.  Since the total 383 
dielectric noise was unknown, incomplete charge collection noise could not be directly computed by 384 
subtraction (in quadrature) of dielectric noise.  However, since dielectric noise is photon energy invariant 385 
and incomplete charge collection noise is known to be photon energy dependent [48] it was possible to 386 
determine if incomplete charge collection noise was significant by consideration of the spectrometer’s 387 
response to different photon energies. 388 
 389 
At 5.9 keV, the quadratic sum of dielectric and incomplete charge collection noise decreased from 390 
115 e- rms ± 3 e- rms (1.97 keV) at 80 °C to 96 e- rms ± 5 e- rms (1.65 keV) at 20 °C.  At 22.16 keV, the 391 
quadratic sum of dielectric and incomplete charge collection noise decreased from 125 e- rms ± 3 e- rms at 392 
80 °C (2.14 keV) to 91 e- rms ± 5 e- rms (1.55 keV) at 20 °C.  The reduction of dielectric noise with 393 
temperature is well documented [46, 49], but the specific quantitative reduction is impossible to predict 394 
without knowledge of the dielectric dissipation factors of each material contributing to the lossy dielectrics 395 
at the preamplifier’s input.  Although at each temperature, the quadratic sum of dielectric and incomplete 396 
charge collection noise, at each energy, were approximately equal, at 80 °C the difference (in quadrature) 397 
between dielectric noise and incomplete charge collection noise at 22.16 keV and 5.9 keV was significant 398 
(49 e- rms ± 4 e- rms).  However, this difference in dielectric and incomplete charge collection noise between 399 
energies (5.9 keV and 22.16 keV) at 80 °C must be considered alongside other calculated noise 400 
contributions.  For example, at 80 °C and at 1 µs shaping time the difference (in quadrature) of the white 401 
series noise at 5.9 keV and 22.16 keV was 57 e- rms, and at longer shaping times similar differences in 402 
white parallel noise were recorded.  Thus, it was not clear if any incomplete charge collection noise was 403 
present in the detector at 80 °C.  Nevertheless, the dominant contributor to noise in the quadratic sum of 404 
dielectric and incomplete charge collection noise was dielectric noise. 405 
 406 
The known components of the dielectric noise (those that are readily calculable) are the noise contributions 407 
from the SiC detector and the Si JFET, whilst the unknown dielectric noise contributions are the detector’s 408 
packaging and feedback, stray and test capacitances of the preamplifier [49].  The unknown dielectric noise 409 
contributions are not easily estimated for lack of detailed knowledge of the dielectric dissipation factors 410 
and the dielectric constants of every source of capacitance within the preamplifier.  The dielectric noise 411 
contribution from the SiC detector and the Si JFET can be estimated from capacitance measurements 412 
previously made on the SiC detector and attributing a nominal capacitance (2 pF [39]) to the Si JFET.  The 413 
estimated dielectric noise contribution of the SiC detector and the Si JFET decreased from 414 
5.6 e- rms ± 0.3 e- rms (10 eV) to 5.2 e- rms ± 0.3 e- rms (9 eV) and 28 e- rms (460 eV) to 24 e- rms (420 eV) 415 
from 80 °C to 20 °C respectively.  Given that the dielectric noise contributions of the SiC detector and the 416 
Si JFET were low when compared with the quadratic sum of dielectric and incomplete charge collection 417 
noise calculated above there are opportunities to improve the resolution of the spectrometer by reducing or 418 
eliminating some of the stray capacitance (and the associated dielectric noise) acting at the input of the 419 
preamplifier.  The preamplifier’s JFET was packaged in a TO can, a simple noise reduction measure would 420 
be to re-locate the JFET and the detector onto a single package with the detector directly wire-bonded to 421 
the JFET. Furthermore, the preamplifier’s PCB was FR4, replacing the FR4 board with a PTFE or ceramic 422 
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PCB would further reduce stray capacitance (and associated dielectric noise).  A SiC JFET would also be 423 
beneficial [49]. 424 
 425 
White parallel noise (driven, in part, by leakage current) increased in magnitude at all shaping times as the 426 
temperature was raised, this was expected since the effect of increased temperature was to increase the 427 
leakage current of the packaged detector and the preamplifier’s Si input JFET.  As an example, considering 428 
the noise at 22.16 keV, the white parallel noise component at a shaping time of 1 µs increased from 12 e- rms 429 
to 62 e- rms from 20 °C to 100 °C respectively.  The combined leakage currents of the SiC detector and Si 430 
JFET at the front of the preamplifier calculated from the linear least squares fittings is presented as a 431 
function of temperature in Fig. 10.  The packaged detector’s leakage current (section 3.1) was a small 432 
component of this total leakage current.  The total leakage current in Fig. 10 represents the leakage current 433 
of the detector, the reverse biased JFET drain-to-gate junction current, and the forward biased JFET gate-434 
to-source junction current.  When all the different leakage currents are independent of each other, the total 435 
system leakage current is equal to twice the sum of the detector’s leakage current and the JFET’s drain-to-436 
gate leakage current [12, 49].  The source of an n-type JFET such as that used in this preamplifier, is set to 437 
ground; consequently, the JFET’s drain-to-gate leakage current was controlled by the drain-to-source and 438 
drain-to-gate potential differences.  When the detector’s leakage current decreased, the drain-to-gate 439 
voltage increased, which caused the drain-to-gate current to rise.  This relationship between detector and 440 
JFET leakage current can be seen in the leakage current results shown in Fig. 2 and Fig. 10.  At 80 °C, the 441 
detector’s leakage current was 7.37 pA ± 0.42 pA at 100 V reverse bias, the corresponding leakage currents 442 
at the input to the preamplifier calculated from the multidimensional least squares fittings were 169 pA ± 443 
18 pA and 136 pA ± 16 pA, when the SiC X-ray spectrometer was illuminated by the 55Fe and 109Cd 444 
radioisotope X-ray sources, respectively.  At 60 °C, detector leakage current was 1.08 pA ± 0.40 pA, and 445 
the corresponding calculated leakage currents at the input to the preamplifier were 108 pA ± 11 pA, and 72 446 
pA ± 19 pA for the same X-ray sources.  When the detector’s leakage current reduced, the leakage current 447 
from the JFET’s drain-to-gate junction was a proportionately larger part of the total system leakage current. 448 
 449 
Fig. 10.  The total leakage current contribution of the SiC diode and Vishay 2N4416A JFET (twice the sum 450 
of the detector’s leakage current and the JFET’s drain-to-gate leakage current) as a function of temperature 451 
as inferred from the multidimensional least squares fitting of the FWHM at 5.9 keV (open squares) and 452 
22.16 keV (open circles) as a function of shaping time. 453 
 454 
As the spectra collected with the 241Am X-ray/γ-ray source were collected at a single shaping time 455 
multidimensional least squares fittings could not be conducted.  Nevertheless, noise in the spectrometer at 456 
higher energy can be estimated from these results.  The quadratic sum of electronic and incomplete charge 457 
collection noise was calculated by subtracting Fano noise in quadrature from the FWHM of the 241Am 458 
59.5 keV γ-ray peak at each temperature.  The quadratic sum of electronic and incomplete charge collection 459 
noise from the 241Am spectra were compared with the same noise contributions at 5.9 keV (55Fe Kα) and 460 
Page 13 of 18 
 
22.16 keV (109Cd Kα1), collected at the same shaping times.  The results are presented in Fig. 11.  The 461 
quadratic sum of electronic and incomplete charge collection noise at 5.9 keV, 22.16 keV and 59.5 keV 462 
were equal within the uncertainties ≥ 20 °C and ≤ 80 °C.  This implied that incomplete charge collection 463 
noise, which is energy dependent, was negligible.  However, at 100 °C the quadratic sum of electronic and 464 
incomplete charge collection noise at 59.5 keV exceeded that at 5.9 keV and 22.16 keV.  As an example, 465 
at 20 °C, the quadratic sum of electronic and incomplete charge collection noise at 5.9 keV, 22.16 keV, and 466 
59.5 keV was 103 e- rms ± 9 e- rms, 95 e- rms ± 9 e- rms, and 104 e- rms ± 9 e- rms respectively.  At 100 °C 467 
the same noise contributions for the same energies were 157 e- rms ± 15 e- rms, 154 e- rms ± 15 e- rms and 468 
192 e- rms ± 18 e- rms respectively, suggesting that some additional noise was present in the 241Am 469 
(59.5 keV) photopeak.  At 100 °C, the difference (in quadrature) between the quadratic sum of electronic 470 
and incomplete charge collection noise at 22.16 keV and 59.5 keV was 114 e- rms ± 23 e- rms.  The 471 
additional noise could have been a consequence of greater than expected parallel white noise if the leakage 472 
current of the detector (or JFET) had been unstable when the reverse bias of the detector was held constant 473 
at 100 V for 6 days whilst the 241Am spectrum was collected; as such, further measurements were made to 474 
investigate this.  Incomplete charge collection noise was also considered a possible source of the extra 475 
noise, even though the higher temperature (100 °C) might have assisted in releasing trapped charge. 476 
 477 
Fig. 11.  Equivalent noise charge of the quadratic sum of electronic noise and incomplete charge collection 478 
noise as a function of temperature for the 241Am 59.5 keV γ-ray photopeak (crosses), 109Cd 22.16 keV X-479 
ray photopeak (open squares), and the 55Fe 5.9 keV X-ray photopeak (open circles).  For clarity, only error 480 
bars for the 241Am 59.5 keV γ-ray photopeak have been included.  Errors bars for the 55Fe Kα (5.9 keV) and 481 
109Cd Kα1 (22.16 keV) X-ray photopeak ranged from 8.7 e- rms to 14.6 e- rms. 482 
 483 
To test the long-term stability of the detector’s leakage current, the detector was reversed biased for 6 days 484 
at 100 V and at 100 °C.  The leakage current, which was measured at 60 second intervals using the 485 
procedures described in section 3.1, is presented in Fig. 12.  At 100 V reverse bias the leakage current was 486 
initially 37.7 pA ± 0.5 pA, which was less than previously measured in section 3.1 (42.7 pA ± 0.5 pA).  487 
After 24 hours, the leakage current had risen to 47.5 pA ± 0.5 pA.  After 48 hours the leakage current rose 488 
linearly at less than 0.01 pA per hour, whilst it oscillated 0.3 pA root mean squared (RMS) about an hourly 489 
mean value as it rose as a function of time.  At the end of 6 days the leakage current was 49.0 pA ± 0.5 pA, 490 
the average leakage current over the final five hours of measurement was 49.1 pA ± 0.5 pA.  Any leakage 491 
current rise in the detector should be considered in the context of its effect at the input to the preamplifier’s 492 
JFET where the total system leakage current is equal to twice the sum of the detector’s leakage current and 493 
the JFET’s drain-to-gate leakage current (see previous paragraph).  An extra leakage current of 22 pA at 494 
the input of the JFET would contribute ≈ 11 e- rms noise broadening of the 59.5 keV γ-ray photopeak at 495 
1 µs shaping time which was insufficient to account for all the extra noise.  Therefore, the origin of the 496 
majority of the additional noise is currently unknown.  Nevertheless, a significant contribution to the total 497 
invariant noise in the FWHM of the 59.5 keV γ-ray photopeak was dielectric noise. 498 
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 499 
Fig 12.  The packaged SiC detector’s leakage current as a function of time, operating at 100 V reverse 500 
bias and at a temperature of 100 °C for 6 days. 501 
 502 
These results achieved with a thin repurposed UV detector need to be viewed in context with some other 503 
wide bandgap compound semiconductor radiation detectors.  This detector was thin (5.15 µm) and the 504 
detector’s performance was modest compared with the best results for tailor-made detectors.  A custom 505 
grown thick 4H-SiC strip X-ray detector depleted to a depth of 124 µm when reverse biased to 600 V has 506 
recently been reported [50].  This strip detector subsequently acquired an 241Am spectrum at 200 V reverse 507 
bias with an ENC of 11.6 e- rms (214 eV) at 21 °C.  A 40 µm thick, 200 µm by 200 µm area pixel GaAs 508 
detector operating at 23 °C achieved a resolution of 266 eV (≈ 26 e- rms) FWHM at 5.9 keV [51].  The 509 
results in refs [50, 51] were obtained from custom grown high quality materials attached to ultra-low noise 510 
preamplifier electronics and they benefitted from having the detectors directly wire bonded to the gate of 511 
the transistor at the front end of the preamplifier, rather than relying on discrete packaged transistors 512 
attached to the preamplifier’s printed circuit board as was the case for the results reported here with a COTS 513 
SiC photodiode.  Nevertheless, it is remarkable that the COTS SiC detector reported here, which was 514 
intended as a UV detector, functions as well as it does as a spectroscopic detector of X-rays and γ-rays up 515 
to 60 keV, and that it can operate continuously for up to 6 days, and at high temperature, without significant 516 
photopeak noise broadening caused by leakage current instabilities. 517 
 518 
5.  Conclusions and further work 519 
A COTS 4H-SiC UV photodiode has been characterized for its electrical and photon counting spectroscopic 520 
response across the temperature, T, range 20 °C ≤ T ≤ 100 °C, and with X-ray and γ-ray photons in the 521 
energy range 5.9 keV to 59.5 keV. 522 
 523 
The leakage current of the packaged SiC detector at 100 V reverse bias was found to be 42.7 pA ± 0.5 pA 524 
at 100 °C, and 1.1 pA ± 0.4 pA at 60 °C.  At 40 °C and below the leakage current of the packaged SiC diode 525 
was below the noise floor of the picoammeter used (± 0.4 pA). 526 
 527 
Measurements of capacitance as a function of reverse bias suggested that the detector could be depleted to 528 
2.41 µm ± 0.03 µm at 20 °C, short of what was expected from the abrupt junction calculation [30] (3.7 µm 529 
at 100 V).  Notwithstanding this, a previous electron spectroscopy study suggested that most of the epitaxial 530 
width (5.15 µm) was depleted and active [31].  It was also noted that carrier recombination lengths in the 531 
material were sufficiently large to address the difference in depletion width calculated from the capacitance 532 
- voltage measurements and the previous study that suggested the entire epitaxial thickness was active.  533 
Therefore, the QE of the detector was calculated using the full epitaxial width (5.15 µm) on the 534 
understanding that carriers were able either to diffuse to the depletion region prior to recombining or the 535 
full epitaxial width was depleted. 536 
 537 
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The detector was connected to a low noise charge sensitive preamplifier and operated as an X-ray / γ-ray 538 
spectrometer.  The detector of the spectrometer was illuminated by 55Fe, 109Cd, and 241Am radioisotope 539 
X-ray/ γ-ray sources and was found to be responsive to, and capable of discriminating (subject to its energy 540 
resolution) photons of energy up to 59.5 keV.  The FWHM of a 55Fe Mn Kα (5.9 keV) photopeak from a 541 
radioisotope source improved from 2.69 keV ± 0.25 keV at 100 °C to 1.66 keV ± 0.15 keV at 20 °C.  A 542 
109Cd Ag Kα1 (22.16 keV) photopeak likewise improved in FWHM from 2.65 keV ± 0.25 keV at 100 °C to 543 
1.66 keV ± 0.15 keV at 20 °C.  Following this, the spectrometer was operated continuously for 6 days at 544 
temperatures ranging from 100 °C to 20 °C, in 20°C decrements to accumulate 241Am 59.5 keV γ-ray 545 
spectra.  At 100 °C, the FWHM of the 241Am 59.5 keV γ-ray photopeak was 3.38 keV ± 0.30 keV, which 546 
improved to 1.83 keV ± 0.15 keV at 20 °C.   547 
 548 
The noise components degrading the spectrometer’s energy resolution, beyond that which would be 549 
expected in the Fano limited case, were analyzed.  A multidimensional least squares fitting of the measured 550 
FWHM as a function of shaping time for the accumulated 55Fe and 109Cd X-ray spectra showed that the 551 
dominant source of noise was dielectric noise at all the shaping times considered, up to temperatures of 552 
40 °C.  At higher temperatures (60 °C to 100 °C, inclusive), the combined currents of the SiC detector and 553 
the preamplifier’s Si JFET increased white parallel noise to such an extent that white parallel noise became 554 
the dominant noise component at the longest shaping times (6 µs and 10 µs) at 100 °C.  When the quadratic 555 
sums of electronic noise and incomplete charge collection noise were compared at 5.9 keV and 22.16 keV, 556 
incomplete charge collection noise was a negligible component of the total noise at lower temperatures 557 
(≤ 60 °C), at 80 °C the difference in quadrature of dielectric and incomplete charge collection noise at 558 
5.9 keV and 22.16 keV was significant (≈ 49 e- rms ± 4 e- rms).  At 59.5 keV and 100 °C, additional noise 559 
was also present.  The detector’s leakage current was measured again to determine if the detector was 560 
unstable when reverse biased for 6 days.  Although the detector’s leakage current rose by 11.3 pA ± 0.7 pA 561 
over the measurement period, this was insufficient to account for the broadening of the 59.5 keV 241Am 562 
γ-ray photopeak which was observed.  The source of the extra noise at 59.5 keV was unknown, but noise 563 
associated with incomplete charge collection at the higher energy could not be discounted. 564 
 565 
The ready availability of these COTS devices, and the relative ease with which they can be repurposed from 566 
a UV photodiode to a uncooled spectroscopic soft and hard X-ray and γ-ray detector make them an attractive 567 
component for integration into an unshielded photon counting X-ray spectrometer on a low-cost low-mass 568 
CubeSat mission led by a University or a small entrepreneurial space-focused business.  This COTS SiC 569 
radiation detector, could also find utility in terrestrial markets where the detector would be positioned 570 
uncooled, in a high radiation fluence background, without shielding, in difficult to access locations, and for 571 
extended periods.  An oil well logging instrument being one example.  The packaged detector and JFET 572 
would need to be appropriately paired with a commercial version of the low-noise charge sensitive 573 
preamplifier used in this test to minimize the dielectric losses that contributed to some of the photopeak 574 
broadening.  Such an instrument, once built, would require further characterization and testing to determine 575 
its performance and optimum operating parameters and to identify definitively the source of the unknown 576 
noise component at 59.5 keV and 100 °C.  Future work should include radiation damage testing, to 577 
investigate the radiation hardness of the detector and its degradation in performance over time when 578 
exposed to different types of high energy radiation. 579 
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